The galvanometer scanner is a type of swaying motor used in laser-drilling machines that is able to position the laser at more than 2,000 points per second. In recent years, the number of holes in printed circuit boards for mobile phones and other electronic devices has increased, so printed circuit boards now have layers and high-density patterns. Therefore, most of the motions of galvanometer scanners are for a short distance and time. The balls in the bearings do not go into 360° rolls, so fretting damage occurs over a long period of time. This is likely to have an adverse effect on positioning accuracy. In this paper, we propose a deterioration diagnosis method for galvanometer scanners that focuses on ball bearing wear. The proposed method can be used to determine the extent of damage and if the ball bearings need to be replaced. The effectiveness of the proposed method was verified by experiments using galvanometer scanners with laser drilling machines over a long period of time.
Introduction
The galvanometer scanner is a type of swaying motor used in laser-drilling machines that is able to position the laser at more than 2,000 holes per second (1) - (3) . These holes are used for the electrical connections of printed wiring boards (PWBs) produced layer-by-layer. In recent years, the number of holes in printed circuit boards for mobile phones and other electronic devices has increased (4) , so PWBs now have many layers and high-density patterns. Therefore, most of the motions of galvanometer scanners are for a short distance and time. The balls in the ball bearings do not go into 360° rolls, so fretting damage occurs over a long period of time. This is likely to have an adverse effect on positioning accuracy. For predicting the life of ball bearings' rotating motion, ISO 281 specifies methods of calculating the basic rating life of a ball bearing, which is the life associated with 90% reliability (5) . Another formula for calculating the basic rating life of a ball bearing for swaying motion has also been proposed (6) ; however, galvanometer scanners usually move small angle of less than 2°, and their bearings do not rotate, so those methods cannot be applied for galvanometer scanners. One way of determining bearing wear is checking the vibration and sound caused by the rotating motion of the ball bearing (7) . The relation between swaying angle and degree of fretting wear had been investigated by way of experiment (8) . For positioning accuracy, a mathematical model of the feed drive system that can evaluate the effect of ball screw and support bearings wear has also previously been proposed (9) .
In this study, we propose a deterioration diagnosis method for galvanometer scanners that focuses on ball bearing wear. The proposed method can be used to determine the extent of damage that has a negative effect on positioning accuracy without having to disassemble equipment. The effectiveness of the proposed method was verified by experiments using galvanometer scanners with laser drilling machines over a long period of time. Figure 1 shows a structural diagram of the positioning system for the laser drilling machines. These machines are used in a computerized numerically controlled (CNC) hierarchical system, and the supervisor controller sends target angle commands to the galvano controller based on CAM data of the PCBs. The galvanometer scanner is operated by the current controlled amplifier. Figure 2 shows a cross-section of the galvanometer scanner. The shaft component, which consists of the coil, mirror, and scale for the angular sensor, is held by two ball bearings. The rotating angle of the shaft is measured by angular sensor and the sensor is used for the positioning servo control. A permanent magnet is located on the stator. Its axis of magnetization is in the radial direction, and the magnetic field is caused by the permanent magnet and inner yoke. The magnetic flux exists at air gap. When the coil carries a current, force is generated by the magnetic flux density and the current in a circumferential direction. The coils are attached to the shaft; therefore, the force is the torque of the galvanometer scanner. The torque is proportional to the strength of the current.
Positioning system of mirrors
The frequency response of the positioning system of the galvanometer scanner used in this study is indicated by the solid line in Fig. 3 (1) where l is the number of modes under consideration, k is the residue of each mode, ω and ζ are the natural frequency (rad/s) and damping ratios of the resonances, respectively, L is the corresponding time delay, and K p is the plant gain. These parameters are fixed so that the model's frequency response coincides with the measured frequency response (shown by the solid line in Fig. 3 ). The broken line in Fig. 3 represents the frequency response given by this mathematical model, in which l is set at four, and the values of the other parameter are as listed in Table 1 . The positioning system of the galvanometer scanner uses a two-degrees-of-freedom control framework. Figure 4 shows a block diagram of the positioning system, where N FF and D FF are feedforward compensators using a coprime factorization approach, C is the feedback compensator, P is the controlled object, H is the sample holder, S is the sampler, r is the position input, y is the angular signal, and e is the positioning error. It is too difficult to obtain the angle of mirror movement at the galvanometer scanner, so the positioning system uses an angular sensor for feedback control. Thus, the positioning system is a semi-closed loop framework. The feedback compensator consists of an integral compensator and state observer. Parameters of the feedback compensator are set to enlarge the phase margin to more than 25° and the gain margin to more than 5.0 dB.
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Overview of the proposed method
The characteristics of a galvanometer scanner that has been used for a long time are changed by many factors. Among these is fretting damage, which is caused by continuous minute reciprocating swaying motions that has an adverse effect on positioning accuracy and is fatal for the laser drilling machine due to inevitable operational errors. This clearly demonstrates the need for a deterioration diagnosis method for galvanometer scanners. Previously, galvanometer scanners tended to be checked by hand after the scanners broke down or processed holes poorly, and thus the deterioration of scanners and its effect on positioning accuracy have not evaluated from a quantitative standpoint.
In this study, the proposed method focuses on the connection between torque variation and deterioration of ball bearings and is able to evaluate deterioration of ball bearings quantitatively (10) (11) . There are many reasons about changed torque variation, for example, irreversible thermal demagnetized. The torque proportions of those galvanometer scanners change around the movement range. On the other hand, the galvanometer scanner, whose bearings have heavy fretting damage, has rolling resistances at some positions in the movement range. This trend is different from demagnetized. Therefore, if we can obtain the information where and how big the torque variation occurs, we can separate the factors of the torque variation. Also we can make deterioration assessment about ball bearings. Figure 5 shows a flow chart of the proposed method as it diagnoses ball bearing deterioration. This process consists of two parts: 1) measuring torque proportion (steps 10-40 in Fig. 5 ), and 2) calculating torque variation and determining the deterioration of ball bearings. How these steps unfold is described in detail in the following sections. Figure 6 shows the block diagram for measuring normalized torque proportion, where C, P, H, S, r, and y are same as in Fig. 4, d is the disturbance input which is the sine wave, and H(z) are same band-pass filters. The band-pass filter H(z) is consisted of second-order Butterworth low-pass filters H lpf (z) and high-pass filter H hpf (z) which are serial connection and is given as
Measuring normalized torque proportion
The cutoff frequency of H lpf (z) and H hpf (z) are set at 1 kHz. Those filters are made by bilinear Z-transform. The first step of the sequence is step 10 (shown in Fig. 5) , which is the positioning at the measuring angle θ m (m=1,2,…,i,…1000). There are 1,000 measuring angles at equal space in the movement range, ±30 rad/unit. When the galvanometer is finished positioning at θ i , we start inputting the disturbance (step 20). The controlled object has some mechanical resonance; therefore, the frequency of the input disturbance is selected as 1 kHz, because the frequency area between 0.5 kHz to 2 kHz is low effect of the resonance. The angular sensor of the galvanometer scanner uses the interpolatory algorithm between the optical grids for high resolution, so the amplitude of input disturbance is adjusted to angular signal to 0.67 rad/unit which is larger than the optical grid interval of the angular sensor, 0.33 rad/unit, for reducing interpolated error of the angular sensor. This sine wave is able to select the direct-current (DC) input for the input disturbance, although using a sine wave is better than using a DC input because it can reduce angular sensor errors.
After the galvanometer's response is under steady state condition, we start obtaining u f (z) and y f (z). They are given as
(
And we get the gain g i of the controlled object at the measuring angle θ i (step 30) and are given as ( ) 
After we measure the gain of the controlled object at all measuring angle, we can get the normalized torque proportion L i (step 50) and given as
where g c is the gain of the controlled object at the center of the movement range. Steps 10-50 are the sequence for measuring normalized torque proportion. The amplitude of the disturbance input is smaller than the control input at the normal process, so it does not affect the machine in an adverse way. Figure 7 shows the normalized torque proportion of the galvanometer scanner. The angle of the measurement position is normalized by the basic movement angle, and we used rad/unit for the units. The torque proportion of the galvanometer scanner is not flat because of the non-uniform magnetic flux density in the range of movement. 
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We expect the torque proportion to change if the ball bearings have been damaged, and we are thus able to determine bearing wear by examining the torque proportion of the galvanometer scanner. The torque proportion of the galvanometer scanner is convex upward because of the non-uniform magnetic flux density in the range of movement (Fig. 7) , so we subtract the effect of non-uniform magnetic flux density from the torque proportion that was measured. We then used the result, torque variation, as the index of bearing wear. Various factors are suspected of causing torque variation, although knowledge obtained in the field indicates that the torque variation at the center and edge of movement is caused by bearing wear. The torque proportion K c caused by magnetic flux density is approximated by the fourth-order polynomial of angle θ and is given as 
where a 1 through a 5 are calculated with the torque proportion and the coefficients are stored as memory. Figure 8 shows the torque variation of a galvanometer scanner that has been used for laser drilling machine in a little time. The torque variation is almost completely flat, which means the ball bearings are in good condition. Figure 9 shows the waveform of positioning error when the target angle was set to 1 rad/unit and repeated 100 times for positioning in a single direction. In Fig. 9 , the bright line shows the 100th positioning error. This galvanometer scanner has a positioning error within about 4×10 -3 rad/unit. The criterion for positioning accuracy is within 4×10 -3 rad/unit, which means that this scanner falls within the guideline.
Experiment
To determine the effectiveness of the proposed method, we performed experiments with two galvanometer scanners that had been used for laser drilling machines over a long period of time. These scanners did not disassemble before the experiments had finished completely. Scanner A had a little rolling resistance at the center of the movement range that was checked by hand-turning, while Scanner B had more rolling resistance at the center and both sides of the movement range. These characteristics are common among galvanometer scanners that have been pulled from the field due to deteriorating positioning accuracy. Figure 10 shows the torque variation calculated by the proposed method, and Table 2 lists the coefficients of the fourth-order polynomial of angle θ (as shown in Formula 6) at these scanners. As shown in Fig. 10 , the torque variation of Scanner A is almost completely flat except at the center of its movement range, whereas Scanner B had large fluctuations at the center and sides of its movement range. The torque variation of Scanner B was over 1%, so it is estimated that this scanner has ball bearings that are heavily damaged.
To see the effect of the bearing wear, we performed experiments on positioning control, in which the target angle was set to 1 rad/unit and repeated 100 times for positioning in a single direction. Figure 11 shows waveforms of positioning error at Scanners A and B. In Fig. 11 , the bright line shows the 100th positioning error. Scanner A had a positioning error over 4×10 -3 rad/unit of the target angle, while Scanner B had a fluctuation of more than 6×10 -3 rad/unit around the target angle, especially when it reached the target angle. If galvanometer scanners like this one are used in a laser drilling machine, the processed holes are almost always of poor quality due to bad positioning accuracy. It is possible to propose that a method for improving the positioning accuracy of galvanometer scanners that have a torque variation of more than 1%, but considering the position of obtaining advanced warning of bearing wear, it is better to advise users to just replace the bearings.
After the experiments were completed, the two scanners were disassembled to check bearing wear. Figure 12 shows the inner race of the ball bearings at Scanners A and B. The inner race at Scanner A had a more modest degree of fretting wear, while the inner race of Scanner B demonstrated heavy fretting damage caused by continuous reciprocating motion. This indicates that the proposed method is able to quantitatively determine the extent of bearing damage without disassembled equipment.
From a practical standpoint, we propose our method be used to warn users when torque variation exceeds a pre-set level. To see how well this works, we applied the method to 42 galvanometer scanners that had all been used for a long time, including 10 whose bearings were damaged and would likely have an adverse effect on positioning accuracy. We were able to determine the extent of bearing damage by using the proposed method and could correctly distinguish all galvanometer scanners that needed replacing. 
Conclusion
We proposed a deterioration diagnosis method for the ball bearings of galvanometer scanners. The proposed method can be used to determine the extent of damage and if the ball bearings need to be replaced without having to disassemble any equipment. Results of an experiment using galvanometer scanners with laser drilling machines that had been used over a long period of time showed that the proposed method could effectively judge when it was necessary to replace the galvanometer scanner by examining the ball bearing wear.
